Abstract-Round semitransparent ground plane was studied for the purpose of optimizing radiation pattern and down-up (DU) ratio of a patch antenna. This paper describes a three-dimensional diffraction of an extraneous source as a ring of magnetic current with a standing wave relative to the azimuthal coordinate on a semitransparent disk. An algorithm is given to determine the unknown electric current of the ground plane by solving the integral equation. Construction of experimental layout and method of definition of average impedance for this construction are presented. The calculated and measured radiation patterns and the DU ratio of the patch antenna with a semitransparent ground plane are compared with the conductive ground plane of the same size. The impact of the phase distribution of impedance on the DU ratio is investigated.
I. INTRODUCTION
N EW applications of global navigation satellite system (GLONASS) and global positioning system (GPS) require significant improvements in users' equipment characteristics, particularly regarding radio-navigation receiver antenna. The antenna system consists of an antenna element and a ground plane, which is designed to reduce positioning errors caused by the multipath effect [1] - [4] . The effect of the multipath signal reception is characterized by the fact that the earth's surface or various objects in the vicinity of the radio-navigation receiver antenna can reflect the GLONASS/GPS signal, resulting in the signal reaching the receiver in various ways (Fig. 1) . The signal reflected from the surface, as distinct from the signal transmitted directly from the satellite to the receiver, will always have a longer propagation time. The reflected signal and the direct signal are summed at the receiver with varying amplitude and phase. This leads to a positioning error.
The ability of the radio-navigation receiver antenna that is equipped with the ground plane to suppress the signal reflected from the earth or from different objects can be estimated by the down-up ratio (DU) [5] . The DU is defined as the ratio of the amplitude radiation pattern in the lower hemisphere to the amplitude radiation pattern in the upper hemisphere of the ground plane at one elevation angle ( Fig. 1 ). In the past few years, a significant amount of papers in the field of antennas and ground planes for global positioning sys- tems have been published [5] - [13] . An extensive application finds the choke ring [5] , [6] , impedance ground planes [7] , and ground planes based on thin resistive films [8] .
One of the trends in the development of GLONASS/GPS antenna systems is the creation of ground planes, which decrease the reflected signal reception at low-elevation angles [9] (Fig. 1 ). This means a range of 0 to 50 . For such purposes, the use of semitransparent ground plane is possible. On the surface of such ground plane, the reflection coefficient and the transmission coefficient do not equal zero, simultaneously. This paper describes the theoretical and experimental research carried out on round semitransparent ground plane with uneven impedance distribution on the surface of the ground planes. The phase of impedance is of an inductive character. We consider the three-dimensional diffraction of an extraneous source as a ring of magnetic current with a standing wave relative to the azimuthal coordinate on a semitransparent disk. An extraneous source in the form of a ring current with a standing wave can simulate a directional antenna, such as the patch antenna, and consider the directivity characteristics of the structure for the -plane and the -plane. The unknown electric current of the ground plane is determined through a numerical solution of the integral equation using the method of moments. The construction of experimental layout is described. For this construction, a method of average impedance definition is presented. The calculated and measured radiation patterns and the DU ratio of the antenna with a semitransparent ground plane at frequencies of GPS L1 (1586 MHz), GPS L2 (1236 MHz), and GPS L5 (1176 MHz) are compared with the conductive ground plane of the same size.
II. MATHEMATICAL SIMULATION OF THE ROUND SEMITRANSPARENT GROUND PLANE

A. Model Structure
Figs. 2 and 3 show the model structure. At height above the semitransparent disk of radius is the ring of an extraneous 0018-926X/$31.00 © 2013 IEEE magnetic current with a standing wave relative to the azimuthal coordinate, radius , and magnitude :
(1)
B. Boundary Conditions
Consider the boundary conditions on the semitransparent disk [14] : (2) Here, are tangential components of the electric and magnetic fields on the surface of the semitransparent disk in the upper hemisphere, are tangential components of the electric and magnetic fields on the surface of the semitransparent disk in the lower hemisphere, is the unit vector in the direction of the -axis, is the electric current on disk, and is the impedance tensor with complex components.
In the polar coordinates of the semitransparent disk (Fig. 2) , the boundary conditions (2) take the form (3) The electric current on the disk is associated with a tangential component of the electric field on the disk's surface through impedance tensor :
C. Numerical Research of the Electrical Current of the Disk
Consider an integral equation of the second kind relative to the unknown electric current of the disk according to boundary condition of :
(5) Here, is the Green's tensor, is the electric field of the extraneous current in the free space, and is the surface of the disk. It is assumed that the elements of the impedance tensor depend only on the radial coordinate.
To numerically solve (5), the unknown electric current shall be decomposed over the basis of triangular finite elements (6) Here, , are the unknown current amplitudes, is a radial unit vector;
is an azimuthal unit vector, and are the basic functions of triangular form with base and , respectively,
When (5) is solved by the method of moments, a system of linear algebraic equations arises. When solving this system, the matrix of unknown current amplitudes can be determined as (8) The matrix elements of own and mutual impedances are calculated by numerical integration of the Green's tensor components and basic functions (9) During calculation of the own, and the "nearest" mutual impedances in matrix , the representation of components in spectral form is used. The basic function is decomposed into a two-dimensional Fourier integral over the flat sheets of the electric current. The field of such a sheet is determined by formulas [15] . Integral over the surface in (9) is determined by integrating the fields of flat sheets with components . In calculating the "distant" mutual impedances in matrix , the expressions in the source-wise form for the ring of radial and azimuthal currents in spherical coordinates [15] are used for the purpose of reducing the computation time. The elements of matrix , which describes an interaction of the extraneous source and the disk current, have the following form: (10) where the near-field components of the extraneous magnetic current in the spherical coordinates are calculated using the formulas [15] .
The elements of matrix are defined as (11) The radiation pattern of the structure is determined by summing the radiation pattern of an extraneous current ring and the radiation pattern of the electric current of the disk. The far field of the ring's magnetic current in the spherical coordinates is calculated by the formulas [15] . The radiation pattern of the disk's electrical current is determined by numerical integration of the far fields from the rings of the radial and azimuthal electric currents [15] . The integration is performed over the ring's radius with amplitude distribution (6) .
D. Results of Mathematical Simulation
As a result of the mathematical simulation, the impedance distribution (Fig. 4) on the surface of a semitransparent disk with a radius of 150 mm is synthesized. This provides a significant reduction in radiation in the lower hemisphere compared with a conductive ground plane of the same size at frequencies of GPS L1 (1586 MHz), GPS L2 (1236 MHz), and GPS L5 (1176 MHz). The gradient optimization method of radiation pattern is used to synthesize the impedance distribution. The impedance is equal to zero if the radius is less than 70 mm. This impedance distribution corresponds to the component in the impedance tensor (4) . The remaining components of (4)-are equal to zero. Such impedance component definition is associated with the construction of the experimental layout, which is described in Section IV. Section III provides a definition of the tensor component for this construction. The components are assumed to be zero to simplify the solution because of the difficulty in determining them for the construction of the experimental layout. The amplitude distribution in Fig. 4 is normalized to . 
III. PRACTICAL REALIZATION OF A SEMITRANSPARENT SURFACE WITH AN INDUCTIVE IMPEDANCE
A. Average Boundary Conditions
To gain a practical realization of the surface that can satisfy the boundary conditions (2) and provide a wide range of variations in the amplitude of impedance with the inductive phase (see Fig. 4 ), an array structure of metal strips that lie on the dielectric layer with a complex load in the gap between the strips can be used. The array period and the thickness of the dielectric are much smaller than the wavelength. This structure is of great interest because it can be realized easily by soldering the chip inductors and chip resistors in the gap, obtained by cutting slits in the metal layer of a foil dielectric. In researching this structure, the average impedance [14] , which is determined by the values of the electromagnetic field at some distance from the surface, is of special interest.
B. Thick Array of Metal Strips on the Dielectric Layer with Complex Loads
Consider a periodic two-dimensional structure consisting of metal strips of width and arranged with a period (Figs. 5  and 6 ). In the gap between these strips, a complex load is included. The structure is excited by an incident plane wave at the angle to the -axis with -polarization. In Fig. 6 , is a Poynting vector and is an electric field vector.
Consider a periodic cell of the structure under study (Fig. 6 ). To solve the task, the gap between the strips needs to be shortened and the magnetic currents and should be placed on both sides relative to the shorting plane to satisfy the boundary conditions in the gap. Because of the small size of the gap in comparison with the wavelength, we suppose that the magnetic current is constant along the entire length of the gap with complex amplitude .
Eigenmodes of a periodic cell (Fig. 6 ) are determined by formulas [15] . The components of the -wave field have the form (12) The components of the -wave field have the form (13) The longitudinal and transverse wave numbers in (12) and (13) are related by (14) where is the permittivity of the dielectric layer relative to free space. The components of the incident plane wave with amplitude in the periodic cell are given by (15) Consider the continuity conditions of the tangential component of an electric field vector in gap . It implies that the magnetic current on both sides relative to the shorting plane (Fig. 6 ) is the same, with an accuracy of up to the sign (16) To determine the unknown amplitude in (16), the magnetic current in a series of eigenmodes of the periodic cell needs to be decomposed: (17) where , components of the electric field, are determined from relations of (12) and (13) . Index corresponds to -waves and to -waves. As far as the incident wave is the similar to the -wave, the magnetic current is decomposed only in the -waves.
Applying the Lorentz lemma to expression (17) , we obtain an expression of unknown decomposition coefficients :
After the calculation of integrals in (18) by taking into account the expressions for components of eigenmodes (12) , the unknown coefficients are determined by the following expression:
We define the electric current flowing through the load in the gap:
Now, we consider the continuity condition for a tangential component of the magnetic field in the gap:
The components of magnetic field and in (21) are defined by using their decomposition in a series of eigenmodes of a periodic cell, taking into account the reflection of the wave from the dielectric layer:
The reflection coefficient of the magnetic field vector component with the index from the dielectric layer of thickness and a dielectric constant is calculated using coefficients of reflection and transmission of the magnetic fields [15] . This is conducted for the case of inclined incidence of a plane wave with a parallel polarization to the boundary of air-dielectric and dielectric-air :
Consider the equation of the power balance in the gap, which follows from (21):
(24) After calculating the integrals in (24), we obtain an expression for the unknown amplitude of the magnetic current in the gap:
(25) The reflection coefficient from the structure of metal strips is calculated using the known components of the field of incident and reflected wave. To determine the average impedance of the structure, a periodic cell needs to be presented in the form of a long transmission line with the characteristic impedance and complex impedance included in the section . The average impedance value is evaluated through the reflection coefficient using a formula from the theory of long transmission line:
(26)
IV. RESULTS OF CALCULATIONS AND EXPERIMENTAL RESEARCH
To verify the calculated data, presented in Section II-D, layouts were made of the semitransparent and the conductive ground planes with the same diameter. The semitransparent ground plane was made in disk form with a 150-mm radius, based on a one-sided foil dielectric, with the permittivity of 3.2 and a thickness of 0.76 mm (Fig. 7) .
In the metalized layer with a period of 5.8 mm along the radial direction, 14 slits of 0.5-mm thickness were cut. These slits constituted concentric circles. The minimum radius of the gap was 70 mm. On both sides of each slit, the contact pads were foreseen. The chip inductors and the chip resistors were soldered to the pads with some step along the slit. The values and period of the chip element soldering were determined by the method set forth in Section III and could be chosen from the best approximation of condition of the continuous distribution of the impedance shown in Fig. 4 . The surface of the ground plane and slits, except for the pads, was covered with a protective solder mask. A patch antenna was used as an antenna element. A Russian patent for an invention [16] and a WIPO patent application [17] of the described design of a semitransparent ground plane are available.
Figs. 8-19 plot the calculated and measured radiation patterns and DU ratios of semitransparent and conductive ground planes in the -and -planes at three frequencies: 1586, 1236, and 1176 MHz, with a step of 5 . The angle is (see Figs. 2 and 3 ) at the plots of radiation patterns in Figs. 8, 10, 12, 14, 16 , and 18, and (see Figs. 1 and 3) at the plots of DU in Figs. 9, 11, 13, 15, 17, and 19.
Calculated curves are based on mathematical model of excitation the semitransparent disk by the extraneous magnetic current ring. When calculating the radius of the extraneous current ring, (Figs. 2 and 3 ) is assumed to be 50, 85, and 95 mm for frequencies 1586, 1236, and 1176 MHz, respectively. The distance between the extraneous current ring and ground plane ( Fig. 3 ) is assumed to be 1 mm. The location period of basic functions is equal to less than 0.025 of the wavelength. When calculating the curves for the conducting ground plane, all the tensor components (4) are set to zero to satisfy the boundary condition on the metal surface. Figs. 8-19 show a good agreement between the calculated and the measured radiation patterns for the semitransparent and the conductive ground planes in the sector of angles 0 -120 . For the range of angles 120 -180 , the values of measured radiation patterns of the semitransparent ground plane are a few dB less than the values of the calculated. In general, the mathematical model describes quite well an actual radiation pattern of the patch antenna with a semitransparent ground plane.
The results considered in Section III for the two-dimensional periodic cell in Cartesian coordinates are not the same in polar coordinates, and boundary conditions of periodic cell do not take into account the impedance changing from one cell to another. However, the measured results show that average impedance (26) can be used with high accuracy for approximation calculation of impedance distribution (Fig. 4) of a round semitransparent ground plane. Moreover, good agreement between calculated and measured data is obtained under the assumption that components of the tensor (4)-are equal to zero.
Subsequent refinement of the model is possible by simulating the radiation pattern and the field of a real antenna in the nearfield zone, as well as by a more accurate approximation of calculated impedance during the manufacture of the experimental layout.
The measured radiation pattern of the semitransparent ground plane in the -and the -plane at the level of 90 is one or two decibels higher than the radiation pattern of the conductive ground plane. A significant decrease in the level of a signal reflected from the earth for the semitransparent ground plane in comparison with the conductive ground plane was obtained. The decrease can be estimated according to the DU ratio. For a 90 angle in the -plane and the -plane, the decrease in DU is 22, 12, and 8 dB at 1586, 1236, and 1176 MHz, respectively. The decrease of DU in the -plane for a 40 angle is 6.5, 8.5, and Thus, the use of a semitransparent ground plane allows significant suppression of the reflected signal because of multipath propagation in the -and -planes at low-elevation angles at frequencies 1586, 1236, and 1176 MHz, compared with use of a conductive ground plane of the same size. A significant decrease of DU in the semitransparent ground plane compared with the DU of the conductive ground plane is also observed for a 90 angle.
V. INFLUENCE OF IMPEDANCE PHASE DISTRIBUTION
ON THE DU RATIO To research the effect of the phase distribution of the impedance across the semitransparent ground plane surface to the DU, two additional layouts of the semitransparent ground plane, similar in design to the previously described layout (see Fig. 7) , were calculated and experimentally tested. These layouts have a different phase distribution. Figs. 20 and 21 present diagrams of the calculated impedance distribution across the surface of the additional layouts with a radius of 150 mm. The gradient optimization method of radiation pattern was used to synthesize these impedance distributions. The impedance is equal to zero if the radius is less than 70 mm. The amplitude distribution in Figs. 20 and 21 is normalized to . The results of the experiments lead to the following conclusions. By increasing the value of the phase impedance from the center to the edge of the ground plane (Fig. 4) , the measured characteristic of DU in the -plane at 1586, 1236, and 1176 MHz for angles 30 and 90 varies from 13 to 15 dB and from 24 to 30 dB, respectively.
For a uniform distribution of the phases over the surface (see Fig. 20 ) the measured DU in the -plane at the three frequencies for angles 30 and 90 ranging from 14 to 18 dB and from 20 to 23 dB, respectively. By decreasing the values of phase impedance from the center to the edge of the ground plane (Fig. 21) , the measured characteristic of DU in the -plane at the three frequencies for angles of 30 and 90 varies from 16.5 to 21 dB and from 18 to 21 dB, respectively. For the conductive ground plane, the measured DU characteristic in the -plane at the three frequencies for angles 30 and 90 varies from 7 to 12 dB and from 9 to 16.5 dB, respectively.
Hence, it follows that by increasing the values of phase impedance from the center to the edge of the ground plane, the DU is significantly reduced for the angle of 90 . By decreasing the value of phase impedance from the center to the edge of the ground plane, the DU is significantly reduced for the angle of 30 relative to the conductive ground plane of the same size. This conclusion is valid also for DU in the -plane. Thus, the appropriate choice of distribution of the impedance phase on the semitransparent ground plane can provide the required values of DU in the -and -planes for both lowand high-elevation angles. 
VI. CONCLUSION
We considered the task of exciting a semitransparent disk with an extraneous ring formed by a magnetic standing wave current relative to the azimuthal coordinate. A mathematical model and an algorithm for determining the current and the radiation pattern of the semitransparent ground plane in theand -planes were presented. The feasibility of the practical realization of a semitransparent surface to obtain the inductive impedance was discussed.
The calculated and measured radiation patterns and DU of the round semitransparent and the conductive ground planes with a radius of 150 mm in the -and -planes at frequencies of 1586, 1236, and 1176 MHz were considered. The use of a semitransparent ground plane was shown to significantly suppress signals reflected because of multipath propagation in the -and -planes at low-elevation angles at 1586, 1236, and 1176 MHz, compared with using a conductive ground plane of the same size. A significant decrease of the DU of the semitransparent ground plane in comparison with the conductive ground plane was also observed for the angle of 90 .
We investigated the effect of the phase distribution of impedance on the DU ratio. We found that with increasing values of phase impedance from the center to the edge of the ground plane, the DU for the angle of 90 is significantly reduced. When the value of phase impedance decreases from the center to the edge of the ground plane, the DU for the angle of 30 is significantly reduced relative to the conductive ground plane of the same size. This conclusion is also valid for the DU in the -plane. Thus, an appropriate choice of the impedance phase distribution on the semitransparent ground plane helps to get the required values of DU in the -and -planes for both the low-and the high-elevation angles to the ground plane.
